The design, fabrication and characterization of a silicon microheater for an integrated MEMS gas Abstract Micropost-filled reactors are commonly found in many micro-total analysis system applications because of their large surface area for the surrounding volume. Design rules for micropost-filled reactors are presented here to optimize the performance of a micro-preconcentrator, which is a component of a micro-gas chromatography system. A key figure of merit for the performance of the micropost-filled preconcentrator is to minimize the pressure drop while maximizing the surface-area-to-volume ratio for a given overall channel geometry. Several independent models from the literature are used to predict the flow resistance across the micropost-filled channels for low Reynolds number flows. The pressure drop can be expressed solely as a function of a couple of design parameters: β = a/s, the ratio of the radius of each post to the half-spacing between two adjacent posts, and N, the number of microposts in a row. Pressure drop measurements are performed to experimentally corroborate the flow resistance models and the optimization scheme using the figure of merit. As the number of microposts for a given β increases in a given channel size, a greater surface-area-to-volume ratio will result for a fixed pressure drop. Therefore, increasing the arrays of posts with smaller diameters and spacing will optimize the microreactor for larger surface area for a given flow resistance, at least until Knudsen flow begins to dominate.
Introduction
Arrays of microscale posts inside a microchannel have been fabricated as components within microreactors [1, 2] , micro heat exchangers [3] [4] [5] [6] and micro-total analysis systems (μTAS) [7, 8] . The microposts are utilized to enhance heat transfer, adsorption/desorption and surface chemical reactions due to an increase in the surface area for the volume occupied. The goal for the design of many microscale devices, such as the preconcentrators for micro-gas chromatographs, is to reduce size while increasing the surface-area-to-volume ratio. As the device size is reduced and the surface-area-to-volume ratio (SA/V) goes up, the energy required for pumping fluid through the posted chamber goes up, since the higher flow resistance that occurs requires a higher pressure drop to pass a given volume of fluid. A key performance metric that can provide engineers with a design rule to fabricate more efficient μTAS devices is the pressure drop across a microchannel filled with arrays of posts as a function of post-spacing and number, and hence SA/V.
The flow across arrays of cylinders, also known as flow across banks of tubes, has been studied extensively in the past century. For macroscale devices where the characteristic dimensions are large, the typical flow condition is either in transition or turbulent (medium to high Reynolds numbers), for which analytical solutions are not available. Therefore, the majority of these studies focused on developing empirical relationships such as between the friction factor and the pressure drop and between the Nusselt number and the heater transfer coefficient [9] [10] [11] [12] [13] [14] . These correlations have been extremely useful in designing heat exchangers, reactors, filters, etc.
When the characteristic length of the system is reduced to a millimeter or below, the flow is likely to be in the laminar regime. Current trends in miniaturization of electronic devices and active cooling systems to mitigate ever-increasing heat dissipation from these devices have spurred a great deal of research in forced flow across a bank of micron sized pin fins. Interestingly, it has been reported that the correlations used to predict the pressure drop for fluid flow across pin fin-tube bundles in conventional scale systems need to be modified for microscale counterparts [15] . These microscale hydrodynamic correlations have been developed in recent years for a variety of geometric fin configurations (aligned and staggered), fin types (tubular or non-tubular) and their aspect ratios (ratio of the height of a pin to its diameter) [16] [17] [18] .
In some cases where the flow rate is relatively small, the Reynolds number (Re) of the flow is often on the order of 1 or much less (so-called creeping flow), and analytical solutions to the Navier-Stokes (N-S) equation can be derived with reasonable assumptions (Stokes' approximation). Analytical expressions for the flow resistance across arrays of cylindrical posts in this flow regime have been proposed by numerous researchers [19] [20] [21] [22] [23] [24] [25] [26] [27] , as a function of the geometric parameters such as the ratio of the center distance between adjacent posts and the diameter of each post. Instead of this ratio, the porosity or cylinder density is often used to facilitate the comparison to various cylinder arrangements [25] . Many of these models were developed for a flow across a periodic array of circular cylinders compared to the experimental results obtained from a flow across randomly arranged fibers (typically found in air filters) [28] . Since no exact information is known for the degree of randomness of arrangement, uniformity of diameter and degree of straightness of fiber, direct comparison to the theoretical model is limited to the finite range of the fiber density. A few experimental results from a periodic array of cylinders with tight dimensional control have been reported and compared with these idealized models, especially in microchannels.
In this paper, we utilize the MEMS fabrication technology to create arrays of high-aspect-ratio silicon microposts with accurate dimensions and alignment, and then perform series of experiments to collect pressure drop data for various geometrical settings. Several independent models to predict the drag and pressure drop across a square array of circular cylinders for a creeping flow are reviewed and compared to the experimentally obtained pressure drop results from the microfabricated structures. Models that give the best fit to the experimental data are chosen to create a hybrid solution valid over the entire cylinder density.
In addition, we report on a key figure of merit (FOM) for the design of micropost-filled reactors, based on the flow resistance models developed here. The performance of the microreactors can be enhanced by increasing the SA/V. Unfortunately, higher SA/V ratios of a system frequently come at the penalty of a larger pressure drop, requiring optimization to find the best SA/V and pressure drop for the application in mind. In this study, a micro-gas preconcentrator (μGPC), a key component of a micro-gas chromatography system, is selected to analyze as micropost-filled reactors [29, 30] . The preconcentration gain is proportional to the number of molecules adsorbed and desorbed from the μGPC, and thus the gain is closely related to the micro-posted chamber's SA/V. To optimize the performance of the μGPC, we introduce a key FOM that can be adjusted to maximize SA/V but at the same time minimize the pressure drop for a given geometry and flow rate. Figure 1 shows an example of a part of a μGPC device, a microchannel filled with microscale posts, which can be viewed as a square array of circular cylinders bounded by the channel geometry. A representative scanning electron microscopy image of the μGPC is shown in figure 1(a) , and the corresponding unit cell of the fluid volume to be analyzed is shown in figure 1(b) . Each post has a radius of a, a half spacing of s and a height of H. An important geometric parameter, β-a blockage ratio, is defined as the ratio of a radius to a half spacing (β = a/s). The blockage ratio is commonly used in the case of a square array, but alternatively, the porosity (ε) or the cylinder density (c) can be used in any cylinder arrangements and related to β. For a square array of circular cylinders, ε = 1 − (π/4)β 2 and c = (π/4)β 2 . For typical flow conditions in a μGPC device (0.1-10 sccm of N 2 flow), the Reynolds number ranges from 0.05 to 5, allowing us to use a low Reynolds number approximation.
Theory
Typically, fluid flow through arrays of posted structures is three dimensional, and an extensive computational code is used to estimate the flow field. For the moment, we will disregard the third dimension, i.e. assuming an array of infinitely long cylinders, or at least H a. Then, the problem becomes a steady motion of two-dimensional incompressible low Reynolds number flow past a square array of circular cylinders. In the case of an unbounded Stokes' flow past a single infinitely long circular cylinder, Lamb's classical solution is widely accepted as a first approximation [31] .
For the low Reynolds number flow transverse to an array of circular cylinders, many analytical solutions for the drag per unit length on each cylinder are available in the literature [19-22, 25, 27] . The basic assumption of the approach is that the Reynolds number is low enough that each cylinder is considered to be streamlined, i.e. the separation of flow in the boundary layer occurs at the rear stagnation point. This assumption holds for Re < 5 [10] and implies that one needs to consider only the first row of the array for calculating the drag because the subsequent rows would experience the same flow condition. The total drag can be obtained by superimposing individual drag terms row by row. Another assumption has to do with the finite number of cylinders in the array for the actual experiments, in which a typical parabolic flow pattern is expected before the first row of the array for a fully developed laminar flow. All the analytical models to be discussed here are based on a transverse flow over an infinite number of cylinders in a row, and a uniform incoming flow for each row. This assumption should hold as long as the number of cylinders in a row is sufficiently large enough that the effect of the channel walls is negligibly small for the large majority of posts.
Even if all of the above-mentioned assumptions are valid, no exact solutions for creeping flow in a periodic array of cylinders are yet available for the entire range of a blockage ratio [23] . Instead, a closed-form solution can be obtained for two limiting cases of cylinder arrangements: (i) for a small β value when the cylinders are spaced far apart and (ii) for a large β value when the cylinders are tightly spaced.
Dilute array (β 1)
For a flow with a small blockage ratio (β), researchers attempted to solve either Stokes' equation of motion or Oseen's linearized equation of motion for flow. Tamada and Fujikawa [20] directly solved Oseen's equations and calculated the normalized drag per unit length of a cylinder (D) in the form of power series in a blockage ratio, β, such that
where
Inspired by Tamada and Fujikawa, Miyagi [21] employed the same approach to attack Stokes' equations and obtained the consistent expansion formula for D/μU as a power series in β up to the 14th power with far simpler computation. Taking into account the periodicity of the flow field, Hasimoto [22] developed the periodic fundamental solutions to Stokes' equations in Fourier series and obtained the normalized drag per unit length on one of the cylinders as 
(4)
Another common approach to a creeping flow of dilute arrays is a free-surface model in which the fluid medium associated with each cylinder is lumped into a concentric cylinder with appropriate boundary conditions. This so-called flow cell model is effective when cylinders are spaced far enough apart, for the exact shape of the outer boundary will little affect the flow around the cylinder. While a no-slip condition is applied on the cylinder surface, two different boundary conditions have been suggested and applied at the outer cell surface of the fluid envelop. Happel [25] used a no-shear stress condition to calculate the normalized drag per unit length:
Kuwabara [26] , on the other hand, implemented a vorticityfree boundary condition and acquired
The common feature of these solutions is that the drag experienced by one of the cylinders is of Stokes' type and directly proportional to the product of the viscosity and the upstream velocity. Note that the normalized drag per cylinder is dimensionless. In addition, the drag per each cylinder in an array is always greater than that given by Stokes' formula for an isolated cylinder, which manifests the interference of viscous forces. Table 1 presents a comparison of values of the normalized drag per unit length on a cylinder (D/μU) computed from the above-mentioned models for the whole range of the blockage ratio β. It can be noted that all solutions correctly predict the limiting case of β approaching zero and produce similar values. Up to β = 0.4, the normalized drag for each model is in good agreement (within 7%) with an exception of Happel's model. The accuracy of the no-shear stress condition at the outer cell boundary in Happel's model has been questioned [24] , which can explain its underprediction of the drag. Poorer agreements among the models are observed at a larger β as expected from the assumption of the array being sparse. Moreover, at the other extreme case (β → 1), no solutions show the expected diverging trend in D/μU, where the drag increases to infinity as the cylinders touch. A model is needed that can account for increasing interfering viscous effects between adjacent cylinders for high β values. 
Concentrated array (β → 1)
Miyagi [21] noted that his expansion formula suffered from poor convergence in large β and could thus be hardly applicable beyond the value of β = 0.7. He proposed the following formula for this range of difficulty [21] , such that
The form of equation (7) is supported by another independent study on Stokes' flow past a flat screen [32] . The unknown constant, c 2 , was evaluated to be 15.8 by matching numerical values with Miyagi's other solution (developed for dilute array) at β = 0.7. Keller [27] assumed that most of the flow resistance came from the narrow gap between adjacent cylinders and applied the theory of lubrication (as a result of the Stokes equation) to determine the flow in the gap. With a few more approximations, the normalized drag per unit length on each cylinder can then be expressed in terms of β as
This lubrication approach has been adopted for dense arrays by other researchers as well [23, 33] . Since a large value of β means that the cylinders are closely spaced, the viscous effect of the flow around a cylinder readily interacts with its adjacent cylinders and dominates over the inertial effect of the flow. We note that, just as in the case of low beta values, the drag experienced by each cylinder takes a form of Stokes' solution for high β. Table 2 shows the comparison values of the normalized drag per unit length on a cylinder (D/μU) as a function of the blockage ratio for Keller's and Miyagi's models. Both models correctly present the diverging behavior of the drag force as the blockage ratio approaches 1. While Keller's model underpredicts the drag at low β, Miyagi's model falls short of having zero drag in the limit of β = 0.
Hybrid model
Since none of the above-mentioned solutions (equations (1)- (8)) per se can describe the drag per cylinder in the entire range of β, we propose to combine the solutions obtained for a dilute array with the ones for a concentrated array. Miyagi [21] matched equations (1) and (7) at β ∼ 0.7 by adjusting a constant, but his approach lacks a smooth transition between two different models. Bruschke and Advani [33] introduced a so-called hybrid method using an interpolation function to combine the solutions from the free-surface model and the lubrication model. A similar approach was also utilized by Sangani and Acrivos to develop a solution which is valid over the full β range [23] . Later in this paper, we will first select the solutions from each regime that give best fits to the experimental results and adopt the hybrid approach to combine two different solutions with a smooth transition.
Experimental details
To verify the trend shown by the analytical solutions, a number of millimeter-wide channels filled with DRIEetched microposts of various β values have been fabricated. . Each Si die is etched to a uniform depth (about 200 μm) and bonded with a 1 mm thick microscope slide that had been cut, the same size as a Si die. A thermally curable epoxy-based adhesive is transferred to a Si die via contact printing [34] , and a glass top is then pressed down onto the adhesive-coated Si die on a 130
• C hotplate for a gas-tight seal.
All bonded samples are housed in the custom-built SLA (Stereo Lithography Apparatus) packages that provide a leakfree fluidic connection via holes in a Si die. A high purity N 2 gas (S Smith, 99.9%) from high pressure source tank is filtered and fed to the flow meter (MKS, 2179A), which regulates the flow rate of the gas via the computer software of the data acquisition system. The various flow rates used in the experiments are 0.5, 1, 5, 10, 20 and 50 sccm. Two commercial pressure sensors (PX142, Omega Engineering Inc.) that have a linear response up to 7000 Pa with a 5 V span (giving a resolution of about 1.4 Pa mV −1 ) are placed in the inlet and outlet of the SLA package to measure pressure at each point. First, the pressure drop ( P = P inlet − P outlet ) in all 23 samples is measured individually at various flow rates. Then the pressure drop across dummy samples of the same channel dimensions, but without micropost structures, is measured to give the baseline control value for the overall geometric structure, which is later subtracted from the previous pressure drop measurements of the channel with micropost structures. Therefore, P corrected = P − P control . The pressure drop measurements are repeated five times to provide a statistical basis for the error analysis.
Results
The Reynolds number of the flow depends on which dimension is chosen as a characteristic length for calculation. The diameter of each post, center distance between two adjacent posts and height of the channel can all be used for the characteristic length. With 10 sccm fixed flow rate, the Reynolds number regardless of the choice of the characteristic (1)- (6)) and CFD simulations is plotted for a dilute square array (0.2 < β < 0.7). Experimental data are not available below 0.2 of β due to the fabrication challenges. The flow rate used is 10 sccm.
length ranges from 0.1 to 2, for which Stokes' approximation is valid. Another key dimensionless parameter in this analysis is the Knudsen number (Kn), the ratio of the mean free path of a gas medium to the characteristic length. Under atmospheric pressure and room temperature, the mean free path of N 2 (which is the choice of gas in the experiment) is around 65 nm while the characteristic length in the arrays of posts is in the order of 10 μm. Therefore, the resulting Kn is smaller than 0.01, in which the continuum assumption is in effect. Finally, the aspect ratio (=H/D) of the majority of microposts ranges from 1 to 20. The effect of the aspect ratio on the experiments is not clear at this point and is subject to further study. In order to compare the pressure drop data collected in micropost-filled channels with the theoretical models of the drag force experienced by each post, we need to establish the relation between the two. The pressure drop across each row in the array ( P row ) is assumed to be uniform and thus related to the total corrected pressure drop as P row = P corrected /M (refer to figure 2 for M). Since W = 2 s N, the drag per unit length experienced by each post can be related to P row ,
For all the experiments, the width (W ) of the channel is fixed to be 2 mm, and the viscosity (μ) for N 2 is 1.85 × 10 −5 N m s −1 . The upstream velocity (U) can be deduced from the flow rate, which stays constant during each set of experiments. Equation (9) suggests that the pressure drop in a row is a function of the number of posts in a row as well as the blockage ratio, while the drag per cylinder is a function of the blockage ratio only.
The experimentally obtained normalized drag per cylinder (equation (9)) is compared to the theoretical values from the various models as shown in figures 3 and 4. Following the theoretical discussion, we present experimental results in two separate plots: figure 3 for a dilute array (β < 0.7) and figure 4 for a concentrated array (β > 0.7). For β smaller than β Figure 4 . The normalized drag per unit length experienced by each cylinder (in log) versus a blockage ratio (β) from experimental data, analytical solutions (equations (7) and (8)) and CFD simulations is plotted for a concentrated square array (β > 0.7). The flow rate used is 10 sccm. 0.7, three solutions from Miyagi, Kuwabara and Drummond qualitatively agree with the trend observed in the experimental values of the drag (see figure 3 ). Although Hasimoto's model is in line with other models for β < 0.4, it underestimates the drag beyond that point. Note that in equation (2) the highest order in the expansion of the power series in β is 2; therefore, the higher order terms need to be included in the calculation for estimating the drag in the larger β regime. In fact, Sangani's model (equation (3)) improves Hasimoto's solution by adding a higher order term but starts to deteriorate at β > 0.6. Due to the fabrication challenges faced when etching very small diameter posts to high-aspect-ratio structures [35] , data from samples with β < 0.2 are unavailable. Owing to the mathematical simplicity of its solution, Kuwabara's model is selected as the choice of model for a dilute array. For β greater than 0.7, the agreement of the pressure drop measurements with Keller's model suggests that the viscous shear dominates the pressure drop of the closely spaced posts, validating the one-dimensional flow approximation (see figure 4) . Though both Keller's and Miyagi's models fit the experimental data reasonably well, we select Keller's model which exhibits faster convergence to infinity as β approaches 1 (see table 2 ). The CFD solution of the incompressible 2D Navier-Stokes equation is obtained for various β values using the commercial package FEMLAB 3.0 and also plotted in figures 3 and 4. The boundary conditions employed are (i) no-slip conditions at solid walls, (ii) fully developed parabolic velocity distribution at inlet and (iii) an outflow defined by the pressure and the normal component of the viscous force equaling zero. Good agreements (within 13% for Kuwabara's model and 18% for Keller's model) are shown between the pressure drop predicted from the models and the simulation over the entire β range.
Once the models that give the best fit to experimental data in each limiting case of β are selected-Kuwabara's model for a dilute array and Keller's model for a concentrated array-we can combine two solutions to generate a hybrid solution that can predicts the drag per cylinder over the entire range of β. Thus the normalized drag per unit length experienced by each cylinder can be written as [33] 
The weighting functions, η 1 (β) and η 2 (β), need to be chosen such that the overall solution asymptotically approaches Kuwabara's solution at β → 0 and Keller's solution at β → 1 and exhibits a smooth transition in the middle regime. After some trial and error, we obtain η 1 (β) = 1 − e −(1−β)/β and η 2 (β) = 1 − e −β/(1−β) that satisfy these requirements. Figure 5 shows the comparison of the normalized drag per unit length of each cylinder with the blockage ratio for the hybrid model and two limited solutions. This hybrid solution will later be used to optimize the performance of the micropostfilled microreactors.
Pressure drop measurements were also conducted using various flow rates, covering Re from 0.1 to 10. The normalized drag per unit length experienced by each cylinder is plotted as a function of Re for a range of blockage ratios (see figure 6 ). For the range of Re of interest in this study, the normalized drag per cylinder is independent of Re, which is also seen in equations (1)- (8), since D/μU is a function of β only. Further study is geared toward measuring pressure drop with higher flow rates and identifying Re at which the above-mentioned models start to deviate. We should note that all the analytical models discussed in this work assume standard continuum fluid flow. As the half spacing approaches the mean free path length, the flow regime will transition to Knudsen flow, and the solution will likely depart from the analyses.
Figure-of-merit analysis of micro-gas preconcentrators
The rest of the paper focuses on optimizing the performance of a micropost-filled μGPC, where we need to maximize the number of molecules adsorbed and desorbed for a given flow rate and channel geometry. We propose a figure of merit (FOM) that can be adjusted to minimize the pressure drop but at the same time maximize SA/V for a given overall channel geometry. To this end, we utilize analytical models for a low Reynolds number flow past a square array of the circular cylinders in a micropost-filled channel as discussed in the previous sections.
Definition of the FOM in the μGPC
The μGPC works by increasing the mass of the desired analyte per unit volume and therefore increases the overall sensitivity and detection limit of the system. A relatively large sample volume at a low concentration of the analyte is first pumped into the μGPC chamber and preferentially adsorbed from a gas stream onto the surface of the adsorbates. Upon heating, the adsorbed mass is desorbed into the smaller volume of the μGPC chamber, and eluted into a carrier gas into a separation column and detector. The performance of the μGPC can be characterized by the enrichment factor or preconcentrator (PC) gain (G PC ), the ratio of the outlet concentration to the inlet concentration of an analyte. A few different definitions of PC gain have been used in the literature [36] . The most straightforward concept of PC gain is to take the ratio of the peak height obtained in the detector with preconcentration to the peak height obtained without preconcentration [37] . The other common definition is, often used in conjunction with the valve injection system, taking the ratio of a sampling volume to the desorption volume (which is the same as the preconcentration volume plus the dead volume) [36] .
Intuitively, the PC gain, G PC , is a function of SA/V of the PC adsorbent. The higher SA/V, the more analyte molecules can be trapped by the PC and subsequently desorbed into a column or detector, giving a higher gain of the system. As a first-order approximation, we can state that G PC is proportional to SA/V. However, a higher SA/V structure typically possesses intricate and tortuous fluidic paths that cause a higher pressure drop. In addition, a dense porous structure makes it difficult for an analyte species to adsorb from a freely flowing stream to the adsorbent surface and desorb vice versa, which results in a longer analysis time. Also, both a higher pressure drop and longer analysis time cause a larger amount of energy to be consumed. For a portable gas analyzer system, the analysis time and available power are finite and important factors to determine the performance of the system.
To simplify the analysis, let us consider the steady-state operation of sampling in the μGPC (and ignore heating). Now, we want to design the μGPC filled with an array of circular cylinders (or microposts) that maximizes its SA/V for a given pumping power per unit flow rate. The pumping power, P pumping , is a product of a pressure drop, P, and a flow rate,Q; therefore, pumping power per unit flow rate is the pressure drop across the μGPC. Our approach to optimization of the PC performance is to devise FOM that simultaneously encompasses G PC and the power consumption per unit flow rate by simply taking the ratio of these two, such that
Thus, for the sake of an optimal design of a μGPC, the goal is to maximize SA/V (thus the PC gain) and at the same time minimize the total power required for each run. Interestingly, note that the unit of FOM is m N −1 , the inverse of the stiffness related to flow per specific surface area. This term can be called 'adsorption compliance'.
Analytical expressions for SA/V and pressure drop can be derived from a quantitative FOM analysis. From the earlier discussion, under typical flow conditions of the μGPC, the overall pressure drop can be found by superposing a pressure drop per each row. Therefore, we can start the analysis from the unit cell as shown in figure 1(b) .
The calculation of the surface-area-to-volume ratio (SA/V) per unit cell in an array of microposts is straightforward. The SA/V per unit cell is a function of not only the blockage ratio but also the aspect ratio of the channel, i.e. AR (=H/s). From figure 1(b) , the SA/V per unit cell can be written as
Note that the SA/V per unit cell has a unit of inverse length. The number '2' in the brackets is the contribution from the top and bottom of the bounded walls. We can rewrite equation (12) in terms of N, the number of posts in a row, as
where AR 0 = H/W . For a given height (H) and width (W ) of the μGPC, SA/V cell is a function of only β and N.
In the previous sections, we have developed the flow resistance model of a low Reynolds number flow past an array of circular cylinders and experimentally demonstrated the validity of the model. The pressure drop per row is also a function of only β and N and can be derived from equation (9) as
The hybrid solution of the normalized drag per unit length experienced by a cylinder, D/μU, is given in equation (10) for a whole range of β.
Finally, from equations (11), (13) and (14), FOM of the μGPC reduces to
Similar to SA/V and P, the FOM depends only on β and N. The optimal design of the microposts will be achieved if β is chosen for the FOM to be a maximum for any given N. The larger the FOM becomes, the lower the pressure drop will be and/or the greater SA/V will be available for a given chamber geometry of the μGPC and a given flow rate. The more densely posts are packed (i.e. higher β), the more SA/V will be available, but at the same time, the more pressure drop there is to be overcome. The same trend is true for N. Therefore, a tradeoff exists in designing an array of microposts in a given geometry of the PC chamber because we want a higher SA/V with a smaller pressure drop. The FOM versus β is plotted in figure 8 , where a couple of important points can be made. (1) Many PCs are designed with a high β value to maximize SA/V and thus G PC . However, the highest β in fact produces the lowest FOM due to the faster growth in pressure drop than increase in SA/V. According to our analysis, there is an optimal range of β (0.1-0.24) that maximizes the FOM, depending on N. As N increases, β reaches a plateau around 0.24. (2) The FOM increases with increasing N. Therefore, for a fixed β value and channel geometry, one wants to pack as many microposts as possible to maximize the FOM. In order to increase N with β fixed, the size of the posts has to be made smaller and smaller, which can be a challenging fabrication task as they become high-aspectratio structures. This argument naturally suggests that nanotechnology to make posts very small can potentially be highly advantageous. Recently, a tremendous amount of research has been reported in synthesizing and characterizing nanoscale posts such as carbon nanotubes and semiconductor/metal nanowires. It will be interesting to fabricate an array of such nanoscale post structures, measure the pressure drop and compare it to the theoretical FOM. As pointed out earlier, however, when the diameter of the posts and the gap distance between them become comparable to (or smaller than) the mean free path of the gas molecules (i.e. Kn > 1), this FOM analysis may become invalid.
Results of FOM analysis

Summary and conclusions
In this paper, we developed a design parameter for optimizing microreactor design based on flow resistance models for a low Reynolds number flow. Analytical solutions to Oseen's and Stokes' equations for a low Reynolds number flow past an array of circular cylinders are compared to the pressure drop measured across an array of microfabricated cylinders with a wide range of blockage ratio β. Depending on β values, different models were utilized to predict the flow resistance. All the models commonly demonstrated that the flow is Stokes' type, meaning that the drag per cylinder is directly proportional to the product of the upstream velocity and the viscosity of a fluid. The models that give the best fit to the experimental results are selected to create a hybrid solution that is valid over the entire range of β. We apply these flow resistance models to develop design rules for micropost-filled microreactors. As an example, the performance of a micro-gas preconcentrator (μGPC) was characterized by introducing a new design parameter, figure of merit (FOM), which is to minimize the pressure drop (thus minimizing the pump power of a fluid) of the system and at the same time maximize SA/V (thus maximizing the preconcentrator gain). The FOM analysis suggests that an optimal design space for β in the μGPC is around 0.2-0.24 and that more posts produce higher FOM for a given β. As a future study, one can measure SA/V of the system (e.g. by the BET method) and experimentally verify the FOM approach. What will be more interesting and may be more useful is to consider the original definition for the FOM, which maximizes the PC gain and at the same time minimizes the total power consumption of the PC device (see equation (11) ), and to experimentally measure these two parameters to optimize the device performance. It will be, however, very difficult, if not impossible, to derive an analytical expression for the FOM, as solutions to the equations of heat and mass transfer in this type of geometry are unattainable even with the simplest flow regime. We believe that this FOM analysis can be extended to other microreactor systems.
